Five strains of Propionibacterium freudenreichii subsp. shermanii utilized the L-(+) isomer of lactate at a faster rate than they did the D-(-) isomer when grown with a mixture of lactate isomers under a variety of conditions. ATCC 9614, grown anaerobically in defined medium containing 160 mM DL-lactate, utilized only 4 and 15% of the D-(-)-lactate by the time 50 and 90%, respectively, of the L-(+)-lactate was used. The intracellular pyruvate concentration was high (>100 mM) in the initial stages of lactate utilization, when either DL-lactate or the L-(+) isomer was the starting substrate. The concentration of this intermediate dropped during DL-lactate fermentation such that when only D-(-)-lactate remained, the concentration was <20 mM. When only the D-(-) isomer was initially present, a similar relatively low concentration of intracellular pyruvate was present, even at the start of lactate utilization. The NAD+-independent lactate dehydrogenase activities in extracts showed different kinetic properties with regard to pyruvate inhibition, depending upon the lactate isomer present. Pyruvate gave a competitive inhibitor pattern with L-(+)-lactate and a mixed-type inhibitor pattern with D-(-)-lactate. It is suggested that these properties of the lactate dehydrogenases and the intracellular pyruvate concentrations explain the preferential use of the L-(+) isomer.
During Swiss cheese manufacture, the starter culture (Streptococcus thermophilus and Lactobacillus bulgaricus or Lactobacillus helveticus) ferments lactose to L-(+)-and D-(-)-lactate. Propionibacteria, which grow as the secondary flora during cheese ripening, ferment the lactate to propionate, acetate, and CO2 (for reviews, see references 14 and 17). It has been suggested that the proportion of L-(+) and D-(-) isomers may be important for the growth of propionibacteria and the formation of CO2 and volatile acids (18) .
Some aspects of lactate metabolism by propionibacteria have been studied in detail, e.g., the membrane-bound electron transport system that is involved in transfer of reducing equivalents from lactate to fumarate and 02 (6, 7, 20, 21) . However, little is known about the mechanisms involved in the utilization of the two isomers. Only one strain of propionibacteria (Propionibacterium pentosaceum) has been studied (19) with respect to lactate-utilizing enzymes (9) . The lactate dehydrogenase of P. pentosaceum is not linked to NAD+ but can utilize fumarate as an electron acceptor (19) .
In Swiss cheese, the concentration of the L-(+) isomer decreased more rapidly than the D-(-) isomer independently of the initial ratio of L-(+)-to D-(-)-lactate formed by different lactobacillus strains (for a review, see reference 17). CO2 production from lactate by Propionibacterium peterssonii showed a longer lag with the D-(-) isomer, but over time the rates with both isomers were similar (15) . In the present study, five strains of Propionibacterium freudenreichii subsp. shermanii were investigated under a variety of culture conditions to determine the factors involved in the preferential use of the L-(+) isomer.
MATERIALS AND METHODS
Organisms and culture conditions. The five strains of P. freudenreichii subsp. shermanii (NCDO 566 , ATCC 9614, DRI, KFA, and MNS) used were from the collection held at the New Zealand Dairy Research Institute, Palmerston North, New Zealand. P. freudenreichii subsp. shermanji DRI and KFA were originally isolated from commercial Swiss cheese.
Cultures were grown at 30°C in complex or defined medium under semi-anaerobic (static culture) conditions or anaerobically. For anaerobic growth, N2-CO2 (95:5 [vol/vol], which had been passed over freshly regenerated, heated copper turnings to remove any traces of oxygen, was bubbled (30 ml/min) through the medium.
The complex medium contained the following (per liter): 10 g of casein hydrolysate (Oxoid Ltd., London, England), 10 g of yeast extract (BBL Microbiology Systems, Cockeysville, Md.), 0.25 g of KH2PO4, 0.2 g of MgSO4. 7H20, 0.05 g of MnCl2 4H20, and various amounts of DL-lactate (Sigma L-1375; Na+ salt, containing equal proportions of L-(+) and D-(-) isomers). Medium was adjusted to the required pH (normally 6.8) and then autoclaved. The amino acid composition of a typical batch of autoclaved complex medium was as follows: 4.0 mM aspartate, 1.8 mM threonine, 3.1 mM serine, 6.7 mM glutamate, 2.4 mM proline, 1.8 mM glycine, 6 .0 mM alanine, 1.4 mM valine, 0.3 mM methionine, 1.2 mM isoleucine, 2.5 mM leucine, 0.6 mM tyrosine, 1.0 mM phenylalanine, 1.9 mM histidine, 1.4 mM lysine, and 0.7 mM arginine.
The main nitrogen source in the defined medium was (NH4)2SO4 (final concentration, 10 Assay of NAD+-independent LDHs. The D-(-)-lactate and L-(+)-lactate dehydrogenase (LDH) activities were measured with 2,6-dichlorophenol indophenol (DCPIP) as the electron acceptor. The standard assay (1 ml) contained 50 mM sodium-potassium phosphate buffer (pH 7.2), 0.1 mM DCPIP, either 10 mM D-(-)-lactate or 10 mM L-(+)-lactate, and diluted cell extracts. The assay was initiated by the addition of lactate. Reduction of DCPIP was followed at 600 nm (25°C) in a Gilford model 250 spectrophotometer. The extinction coefficient for DCPIP at 600 nm of 20.6 mM-1 cm-1 was used (2) . One unit of LDH activity was defined as the amount of enzyme which oxidized 1 ,umol of lactate per min under the standard assay conditions. All assays reported were done on cell extracts which had been subjected to centrifugation (12,000 x g for 10 min) to remove unbroken cells and large cellular debris. When the supernatant was subjected to high-speed centrifugation (100,000 x g for 2 h), both LDH activities were found in the particulate fraction. However, during preparation, variable loss of the L-(+)-LDH activity occurred relative to that of the D-(-)-LDH. The L-(+)-LDH activity in the particulate fractions was also more unstable (20) .
Extraction and assay of intracellular pyruvate. Extracts were prepared by the methods developed for extraction of intermediates from lactic streptococci (23) . Cells in 25-to 50-ml culture growing on lactate were collected rapidly by filtration through a membrane filter (diameter, 47 mm; pore diameter, 0.8 p.m) and then placed in 5 ml of 0.6 N HCl04 at 0°C. After 15 min at 0°C, extracts were neutralized with KOH and centrifuged. Pyruvate was assayed enzymatically (8) on July 7, 2017 by guest http://aem.asm.org/ Downloaded from substrate such as lactate or carbohydrate. In this medium, propionate, acetate, and succinate were formed (4 to 6 mM each), and the amino acids aspartate, alanine, and serine were utilized (data not shown) (5) .
An initial survey of the utilization of lactate isomers (Table  1) indicated that preferential use of the L-(+) isomer was common with all five P. freudenreichii subsp. shermanii strains studied in complex medium. This observation was independent of the initial pH, the initial lactate concentration, and the initial ratio of the isomers. The initial pH had changed by less than 0.1 U by the end of lactate utilization.
The doubling times (data not shown) ranged from 3.8 to 4.6 h for the five strains and were not altered significantly by the different concentrations and ratios of the lactate isomers given in Table 1 . Because all strains studied used the L-(+) isomer in preference to the D-(-) isomer, one strain (ATCC 9614) was chosen for more detailed study.
Lactate isomer utilization in anaerobic cultures grown in defined medium. The defined medium was used to obtain fermentation balances and to study the use of lactate isomers in the absence of other substrates that were present in the complex medium. No growth of the five P. freudenreicheii subsp. shermanii strains were observed in the defined medium unless lactate or carbohydrate was added. In defined medium containing 80 mM L-(+)-lactate and 80 mM D-(-)-lactate, ATCC 9614 had utilized only 4 and 15% of the D-(-)-lactate by the time 50 and 90%, respectively, of the L-(+)-lactate had been used (Fig. 1) . The propionate/acetate ratio was 2.0:1.0 at all sample points, and the final concentrations were 106 mM propionate and 53 mM acetate. This indicates that 3 mol of lactate are fermented to 2 mol of propionate, 1 mol of acetate, and 1 mol of CO2. The low concentration of succinate (0.3 mM) suggested that CO2 fixation via phosphoenolpyruvate-carboxytransphosphorylase was minimal. In static cultures (semi-anaerobic), the pH did not change (pH 6.5 + 0.1) during the fermentation of 160 mM DL-lactate, whereas in anaerobic cultures (Fig. 1) , the pH increased from 6.5 to 7.0 at the end of lactate utilization. When stationary-phase static cultures were sparged with N2-CO2 (95:5 [vol/vol]) for 5 min, the pH increased from 6.5 to 6.9. This suggests removal of the acidic product (CO2) by the gas stream.
Two other strains (NCDO 566 and KFA) studied in defined medium under the conditions described in Fig. 1 gave results similar to those found for ATCC 9614 (data not shown). Lactate isomer utilization in anaerobic cultures grown in complex medium. In complex medium containing 176 mM DL-lactate, ATCC 9614 had utilized only 7 and 18% of the D-(-)-lactate by the time 50 and 90%, respectively, of the L-(+)-lactate had been used (Fig. 2) . Two other strains (NCDO 566 and KFA) studied under the conditions described in Fig. 2 gave results similar to those found for ATCC 9614 (data not shown). Thus, the pattern of lactate isomer utilization by P. freudenreichii subsp. shermanii was similar in both defined and complex media.
Compared with defined medium, the complex medium is more similar to, but still not the same as, the rich nutritional medium provided by a Swiss-type cheese environment. In Swiss cheese, the pH is 5.25 to 5.60 during the warm-room incubation (22°C), and salt is present in the moisture phase at concentrations of 1.6 to 2.3%. The L-(+)-lactate is present at higher concentrations than the D-(-) isomer at the start of the warm-room incubation (25) . Propionibacteria growing in liquid medium have a temperature optimum of 30°C and a pH optimum of 6.0 to 7.0. It has been found that 3% NaCl is necessary to reduce the growth rate of propionibacteria (for a review, see reference 16). Therefore, in some experiments P. freudenreichii subsp. shermanii was grown at 22°C in complex medium that was altered by (i) pH reduction to 5.25 before autoclaving (medium pH after autoclaving, 5.30), (ii) L-(+)-lactate addition and (iii) Na+ addition (from NaCl and sodium lactate) so that the total Na+ concentration was equivalent to 2.1% NaCl.
The rate of isomer utilization by P. freudenreichii subsp. shermanii ATCC 9614 was studied under these altered conditions (Fig. 3) . Starting with an initial lactate isomer composition of 145 mM L-(+)-lactate and 55 mM D-(-)-lactate, the L-(+) isomer was used at a higher rate, such that an equimolar mixture of both isomers was present after 116 h of growth. This indicates that L-(+)-lactate was used at three times the rate of the D-(-) isomer. During lactate utilization, the doubling time was 22 h in the first 70 h of growth and subsequently decreased to 16.5 h. Growth continued after lactate exhaustion, with turbidity at 600 nm increasing from 2.9 to 3.4. Associated with this increase was a decrease in some amino acids (alanine, serine, glycine, and glutamic acids) and an increase in NH3 from 6 to 23 mM. This suggests that growth after lactate depletion was due, at least in part, to amino acid utilization. The pH increased from 5.3 to 6.1 during lactate utilization. The rate of isomer utilization of P. freudenreichii subsp. shermanji KFA was similar to ATCC 9614 when studied under the same conditions as described in the legend to Fig. 3 (data not shown) .
Intracellular concentration of pyruvate. In P. freudenreichii subsp. shermanji ATCC 9614 growing in complex medium, the intracellular concentration of pyruvate decreased during fermentation of 176 mM DL-lactate (Fig. 2) . At the first sample point, at which only 10 mM L-(+)-lactate had been used by the growing cells, the intracellular pyruvate concentration was high (137 mM). (Fig. 1, 2, and 3) . The maximum concentration (3.7 mM) was reached at the point of L-(+)-lactate exhaustion (Fig. 2) . The extracellular pyruvate became undetectable soon after the D-(-)-lactate was fermented. Similar observations were made with the other four strains. Extracellular pyruvate was not detectable when the added energy source was glucose or lactose (starting concentration of either 3 or 10 mM).
The intracellular pyruvate concentration was measured in P. freudenreichii subsp. shermanii ATCC 9614 growing in complex medium to which only one isomer of lactate was added (Fig. 4) . The results with DL-lactate (Fig. 2) have been replotted in Fig. 4 for comparison. With L-(+)-lactate and DL-lactate, the initial intracellular pyruvate concentration was >100 mM; this dropped off rapidly as lactate was utilized. In the early stage of D-(-)-lactate utilization, the intracellular pyruvate concentration was low (-20 mM). In cells growing on L-(+)-lactate, the intracellular pyruvate concentration only dropped below 20 mM when the L-(+)-lactate concentration remaining in the culture supematant was less than 10 mM.
The maximum concentration of pyruvate detected in culture supernatants was low (0.2 mM) when only the D-(-) isomer was added to complex medium in Fig. 4 (data not shown). However, the maximum concentration of pyruvate was higher (3 to 5 mM) in culture supernatants when L-(+)-lactate (data not shown) was the initial isomer. The effects of pyruvate on the two LDH activities from ATCC 9614 (Fig. 6) were studied by varying the concentration of lactate isomer in the presence of fixed pyruvate freudenreichii subsp. shermanii ATCC 9614 was grown anaerobically at 30°C in complex medium (initial pH, 6.5). The first points were determined from cells that had been growing between 10 and 18 h from a 1 to 3% inoculum. (Table 2) . Thus, the ratio of the two LDH activities does not explain why the L-(+) isomer was utilized first during DL-lactate fermentation.
P. freudenreichii subsp. shermanii ATCC 9614 cells contained high concentrations (>100 mM) of pyruvate when growing on lactate in defined medium, in agreement with an earlier report (J. B. Smart, Ph.D. thesis, Massey University, Palmerston North, New Zealand, 1980). During fermentation of DL-lactate by ATCC 9614 (Fig. 2) , this high initial concentration decreased in parallel with the L-(+)-lactate concentration in the medium. When only the D-(-) isomer was present, the initial intracellular pyruvate concentration was much lower (<25 mM) than when either L-(+)-or DL-lactate was present. Therefore, this high level of pyruvate depends more on the concentration of the L-(+) isomer than on the combined concentration of both isomers of lactate ( Fig. 2 and 4) . High intracellular pyruvate concentrations (40 to 70 mM) were found in all five strains of P. freudenreichii subsp. shermanii growing in static cultures on DL-lactate. Pyruvate was detected in culture supernatants at concentrations which reflected the intracellular pyruvate levels. Thus, with the D-(-) isomer as the growth substrate, the maximum extracellular pyruvate concentration was low (0.2 mM) compared with the 3 to 5 mM pyruvate concentration found when L-(+)-lactate was the only isomer present. During glucose or lactose fermentation, pyruvate was present at a low in vivo concentration (1 to 3 mM) and was not detected in culture supernatants of P. freudenreichii subsp.
shermanii.
Pyruvate inhibited the NAD+-independent D-(-)-LDH activity more than the L-(+)-LDH activity. This was evident in the extracts of all five P. freudenreichii subsp. shermanji strains studied. These differences are explained by the kinetic studies of LDH activity in extracts from three strains (NCDO 566, ATCC 9614, and DRI) which indicated that pyruvate showed a competitive inhibitor pattern with L-(+)-lactate and a mixed-type inhibitor pattern with D-(-)-lactate. Kinetic studies on the partially purified D-(-)-LDH from P. pentosaceum indicated that pyruvate was a noncompetitive inhibitor of D-(-)-lactate (19) .
In the P. freudenreichii subsp. shermanii strains studied, the properties of the LDHs in combination with the high intracellular pyruvate concentration present during fermentation of L-(+)-lactate can explain the preferential use of the L-(+) isomer when DL-lactate was present. With use of the artificial electron acceptor (DCPIP), high D-(-)-lactate concentrations did not completely overcome the pyruvate inhibition of LDH activity. In contrast, when L-(+)-LDH was studied, pyruvate gave a competitive inhibitor pattern, indicating that increasing the L-(+)-lactate concentration will eventually overcome inhibition by a particular concentration of pyruvate. Thus, during the initial stages of fermentation of DL-lactate, the high intracellular pyruvate concentration (>100 mM) inhibits the D-(-)-LDH to a greater extent than the L-(+)-LDH, with the result that the L-(+) isomer is preferentially utilized. As the L-(+)-lactate concentration decreases, the intracellular pyruvate concentration also de- In extrapolating the in vitro findings to the in vivo situation, it has been assumed that the pyruvate inhibition pattern for the LDHs found by using an artificial electron acceptor will be similar to that with acceptors in vivo. A membrane-bound electron transport system is involved in the transfer of reducing equivalents from lactate to fumarate in propionibacteria (7, 21) .
The pattern of isomer utilization by P. freudenreichii subsp. shermanii ATCC 9614 and KFA under all growth conditions was similar to that found in Swiss-type cheese made with P. freudenreichii subsp. shermanii KFA (11, 25) . The present results suggest that the preferential utilization of L-(+)-lactate in Swiss-type cheese results from pyruvate inhibition of D-(-)-LDH in propionibacteria.
